Abstract. The present study aimed to investigate the protective effects of docosahexaenoic acid (DHA) on traumatic brain injury (TBI) in rats. A model of TBI was induced by lateral fluid percussion injury in adult rats and rats were randomly divided into the TBI-model group, TBI-low DHA group and TBI-high DHA group, while other healthy rats were assigned to the sham-operated group. Motor recovery was tested with beam-walking trials at 2, 7 and 15 days post-TBI. Cognitive recovery was tested with Morris water maze trials at 15 days post-TBI. The expression levels of caspase-3, B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax) were measured by western blotting. DHA protected against motor deficits induced by TBI in beam walking tests. All TBI-model groups had longer escape latency and swimming distances than the sham groups. Compared with the TBI-low DHA group, the TBI-high DHA group demonstrated shorter escape latency and swimming distances. DHA inhibited the expression of caspase-3 and the inhibition effect was more obvious at a high dosage. Furthermore, DHA dose-dependently rescued neurons by upregulating the Bcl-2:Bax ratio. DHA supplementation was a viable strategy to mitigate injury from TBI.
Introduction
Traumatic brain injury (TBI) is usually caused by external mechanical force (1) , such as falls, motor vehicle accidents, collisions, contact sports and assaults. Physical, behavioral, emotional and psychosocial changes may be observed in groups subjected to TBI (2) . TBI is known to occur as the result of two phases: Initial neuronal injury followed by secondary injury. Initial neuronal injury occurs immediately and is due to the inciting traumatic event, which is not easily treatable. However, the second phase occurs from multiple neuropathological processes and evolves over a period of min to days (3) (4) (5) . The delayed nature of secondary injuries allows for medical and surgical intervention and has become a major focus of TBI treatment (6) . The secondary injuries are multiple, interacting and interdependent cascades of biological reactions caused by the initial injury (1) . A series of complex biochemical process associated with the secondary injury occur after a traumatic brain injury (7, 8) . In this phase, astrocyte foot process swelling may result in the damage of the blood-brain barrier (9) . The injuries to the central nervous system, such as the proliferation of astrocytes, may also be detected, which may result in a reversal of glutamate uptake and neuronal depolarization (10, 11) .
Polyunsaturated fatty acids (PUFAs) are able to maintain Ca 2+ ion and energy homeostasis (12) , decrease cognitive deficits and enhance learning ability during aging (13) , and improve the prognosis of ischemic injury, Alzheimer's disease and Parkinson's disease (14) . Docosahexaenoic acid (DHA) is a kind of polyunsaturated fatty acid, which is predominantly extracted from deep-sea fishes and algae (15) . DHA is not only an important polyunsaturated fatty acid in the central nervous system, but it is also the main constituent of n-3 polyunsaturated fatty acids in cell membranes of cortical gray matter neurons (16) . There is limited research on the impact of supplementation with PUFAs on TBI (17) (18) (19) . Nevertheless, these studies (17) (18) (19) have consistently demonstrated the protective effects of PUFAs against behavioral deficits and cellular degeneration.
DHA has a negative effect on damaging factor production, such as inflammatory cytokines and free radicals (20, 21) . The present study characterized the impact of DHA supplementation on cognitive function and inflammatory responses following fluid percussion injury (FPI) in rats.
Materials and methods
Animal groups. A total of 80 7-week old Sprague-Dawley rats (male/female ratio 1:1) weighing 300-500 g were maintained in a temperature (21-25˚C) -and humidity (45-50%)-controlled room with a 12-h light/dark cycle with ad libitum access to food and water. Following 1 week of acclimation, the rats were randomly divided into four groups (male/female ratio 1:1): i) A TBI-model group (post-TBI with saline; n=20); ii) a sham-operated group treated with saline (n=20); iii) a TBI-low DHA group, treated with a low dose of DHA post-TBI (n=20; 370 mg/kg/day DHA); and iv) a TBI-high DHA group, treated with a high dose of DHA post-TBI (n=20; 740 mg/kg/day DHA). The present study was approved by the Ethics Committee of Yantai Yuhuangding Hospital (Yantai, China).
Animal models of TBI. Rats were anesthetized by injection of 10% chloral hydrate (300 mg/kg; Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), administered intraperitoneally. A 4.5-mm diameter window in the bone was made 3.5-mm posterior to the bregma and 2.5-mm lateral to the sagittal suture, without injuring the dura mater. The head of the rat was positioned in a stereotaxic alignment instrument for FPI. For FPI, rats were connected through a craniotomy to a fluid-filled chamber with a small opening; a swinging pendulum hit one end of the chamber to generate a water pulse that impacted the exposed brain at the other end of the chamber. Depending on the location of the craniotomy, the injury could be delivered to the side of the brain (lateral FPI) or the midline (central FPI), and the craniotomy was performed at the same location in all of the rats to the midline. Injury intensity was controlled by adjusting the height from which the pendulum was dropped (22) . Sham-operated rats underwent craniotomy without FPI (23) .
DHA application. Following TBI injury, rats were randomized to three groups: TBI-model group, TBI-low DHA group, TBI-high DHA group (n=20 per group). DHA (Sigma-Aldrich; Merck KGaA; Darmstadt, Germany) was given by intragastric administration. The sham and TBI model group received equal volumes of saline treatment (0.9% NaCl; 1 ml/kg). Treatment administration began 30 min after TBI injury and continued once a day for 15 days.
Beam-walking tests. To evaluate complex motor movements and coordination, beam-walking tests were performed 1 day prior to TBI and on days 2, 7 and 15 post-TBI (24) . The beam was a wooden bar 1,390 mm in length and 21 mm wide, and was placed 430 mm above the floor. There was a black box (250x200 mm) at the right end of the beam. A wall was placed 30 cm to the left of the beam, as rats are more willing to walk when a wall is placed next to the beam. A mirror was behind the beam on the side wall. Starting at 2 days before TBI, rats were habituated to walk on the beam. A rat was put into the box for 1 min. Then, the rat was put onto the beam at a starting distance of 15 cm from the box. The rat was allowed to go to the box and stay there for 1 min. Thereafter, the rat was put on the beam at a starting distance of 35 cm from the box. The rat was allowed to go into the box (and stayed for 1 min). This step was repeated. On the following day, the rat was put into the box for 1 min and then allowed to go to the box starting from 35 cm, followed by 70 cm and finally from a 100-cm distance from the box. On the testing day, the rat was allowed to cross the whole beam three times. Between each run, the rat was in the box for 1 min. Scoring was as follows: 0=the rat fell down; 1=the rat was unable to traverse the beam but remained sitting across the beam; 2=the rat fell down during its walk; 3=the rat was able to traverse the beam, but the affected hindlimb did not aid in forward locomotion; 4=the rat traversed the beam with >3 foot slips; 5=the rat crossed the beam with 1-3 foot slips; and 6=the rat crossed the beam with no foot slips. A mean score of the three runs for each day was calculated.
Morris water maze trials. The water maze test was initiated at day 15 after the induction of TBI. The rat was placed on the platform submerged below the water for 20 sec to allow orientation to extra-maze cues. The rat was then placed in the water tank at one of four designated entry points (west, north, east and south) facing the wall and the time taken to reach the hidden platform was recorded for each trial. In addition, swimming speed and path length (swimming distance) were measured. A probe test was conducted 15 days after TBI, during which the platform was removed. Rats were allowed to swim for 60 sec to allow evaluation of their memory of the platform location. The time spent in the four quadrants of the maze was recorded. A total of eight trials per day were averaged for each rat and the mean score was calculated for swimming on days 16 and 17 post-TBI. The tracks from all tests were analyzed for a series of behavioral parameters using SMART 3.0 (Panlab; Barcelona, Spain).
Histopathological evaluation. Brain specimens were collected and fixed in 10% formalin for 24 h at room temperature, embedded in paraffin. Sections of 4-mm thickness were cut from formalin-fixed tissues and stained with hematoxylin and eosin (10 min for hematoxylin staining and 5 min eosin staining at room temperature). Specimens were examined under a light microscope (magnification, x200).
Western blot analysis. Rats were deeply anesthetized with isoflurane and perfused transcardially with saline following administration of DHA for 15 days. The injured brain tissues were collected and homogenized in radioimmunoprecipitation assay buffer (89900; Thermo Scientific, Inc., Waltham, MA, USA) containing protease inhibitor cocktail (P2714) and protease inhibitor mixture (P2714; both Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Homogenates were centrifuged at 13,000 x g at 4˚C for 30 min. The supernatant was saved to determine its protein concentration by Bradford assay. Total protein (50 µg/lane) was separated by 10% SDS-PAGE and then blotted onto a polyvinylidene difluoride membrane. Following blocking (2 h at room temperature) with ProteinFree T20 Blocking Buffer (37573; lot no. LB141635; Thermo Scientific, Inc.), membranes were incubated for 1 h at room temperature with the following primary antibodies: Rabbit monoclonal anti-cleaved caspase-3 antibody (1:1,000; 9664; Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit anti-B-cell lymphoma 2 (Bcl-2; 1:1,000; 2872; Abcam, Cambridge, MA, USA), rabbit anti-Bcl-2-associated X protein (Bax; 1:1,000; 2772; Abcam) and rat monoclonal anti-β-actin polyclonal antibody (1:2,000; A2228; Sigma-Aldrich; Merck KGaA). The membranes were subsequently incubated with horseradish peroxidase-conjugated secondary antibody at room temperature for 40 min (1:5,000; goat anti-rabbit, ZB-2301; goat anti-mouse, ZDR5307; ZSGB-BIO Technology Co., Ltd., Beijing, China). Protein bands were visualized using an enhanced chemiluminescence reagent (EMD Millipore; Billerica, MA, USA) and quantified by densitometry using a Genomic and Proteomic Gel Documentation System from Syngene (Frederick, MD, USA). The protein band intensities of Bcl-2, Bax and caspase-3 were normalized by the corresponding band intensities of β-actin from the same samples to control for loading errors. The results from animals under various experimental conditions were then normalized by mean values of the corresponding control animals.
Statistical analysis. Statistical analysis was performed using SPSS 19.0 software (IBM Corp., Armonk, NY, USA) for Windows. All data were presented as the mean ± standard deviation. The significance of differences between groups was evaluated using one-way analysis of variance followed by Dunnett's test. P<0.05 was considered to indicate a statistically significant difference.
Results

DHA protects against motor deficits induced by TBI.
Beam-walking trials were performed to evaluate complex motor movements and coordination. The results are summarized in Fig. 1 . Further analysis at each time point did not reveal any significant differences in beam-walking between the groups at baseline (P>0.05). All groups were significantly impaired at 2 days post-TBI compared with the sham group (P<0.05). Both the TBI-low and TBI-high DHA groups improved over the 15-day follow-up. The changes observed over time in the TBI-model group were less notable. At 15 days post-TBI, the performance of the TBI-high and -low DHA groups approached that of the sham group (P>0.05); however, the neurological scores of the TBI model and TBI-low DHA groups were significantly lower than those of the sham group (P<0.05).
Morris water maze trials. In the Morris water maze testing, the rats were made to find the target platform to escape from swimming in the pool with water. Results demonstrated that there was no significant difference in swimming speed between the groups (Fig. 2A) . However, there were significant differences in escape latency (time taken to find the submerged platform; P<0.05; Fig. 2B ) and marked differences in swimming distance (not shown) between the groups. The TBI model group demonstrated significantly longer escape latencies and swimming distances than the sham group (P<0.05). Compared with the TBI model group, the TBI-low and TBI-high DHA groups demonstrated significantly shorter latency times (P<0.05). Compared with the TBI-low DHA group, the TBI-high DHA group demonstrated shorter escape latencies and swimming distances.
Pathological findings of brain tissue.
In the sham group, the majority of cells in the brain tissue demonstrated normal morphology ( Fig. 3A) . Evidently damaged nerve cell structure, swelling of nerve cells, shrinking of nucleolus, obvious hyperemia and congestion in blood capillaries, the proliferation of glial cells and the formation of clusters of neurons and the 'satellite phenomenon' in glial cells were observed in the TBI-model group (Fig. 3B) . The changes observed in the DHA-treated groups were milder than those of the TBI-model group, which appeared to be dose-dependent. The group treated with the high dose of DHA demonstrated basically normal structure of brain tissue, slight hyperemia and congestion in blood capillaries and the proliferation of glial cells (Fig. 3C) . While the group treated with the low dose of DHA (Fig. 3D ) demonstrated obvious pathological changes compared with the high DHA-treated group.
DHA inhibits the expression of caspase-3. Caspase-3 was constitutively expressed in the sham-operated group, while the TBI-model group (post-TBI with saline) demonstrated a significant increase in the expression of caspase-3 compared with the sham group (P<0.05). When treated with DHA, the expression of caspase-3 was significantly reduced compared with that in the rats of the TBI model groups (P<0.05), indicating that DHA inhibited the expression of caspase-3 (Fig. 4) . The inhibitory effect of DHA was more obvious at a high dosage.
DHA rescues neurons by upregulating the Bcl-2:Bax ratio.
In the rats of the sham group, the expression level of Bcl-2 and Bax was significantly lower than those in the other groups (P<0.05). The results demonstrated significant upregulation of Bcl-2 and downregulation of Bax in the DHA groups compared with the TBI-model group (P<0.05; Fig. 5 ).
Discussion
Traumatic brain injury is a prevalent neurological disorder that results in gray and white matter injury (25) . In the present study, 15 days of supplementation with DHA elicited robust protection against sensorimotor and cognitive deficits in a rat model of TBI. This protective dietary strategy has previously demonstrated much success in other paradigms (26, 27) . In the beam-walking test, further analysis at each time point did not reveal any significant differences in beam-walking between the groups at baseline, which suggested that learning ability was maintained in the injured group. All groups were impaired significantly on day 2 post-TBI compared with the sham group, followed by a gradual increase thereafter. However, a significant increase in score was observed in rats that received DHA relative to the TBI-model rats, suggesting that the administration of DHA significantly improved the motor movements and coordination of rats. Analogously, the rats that received treatment with DHA performed better than TBI-model rats in Morris water maze trials. All TBI-related groups demonstrated longer escape latencies and swimming distances than the sham group. Compared with the TBI-low DHA group, the TBI-high DHA group had shorter escape latency and swimming distances. According to a study by Bailes and Mills (28) , supplementation with DHA significantly decreased amyloid precursor protein-positive axons in the white matter tract.
In models of TBI, pro-apoptotic mechanisms may be activated during secondary damage to promote caspase-3-mediated cell death (29) . In the present study, it was demonstrated that the expression of active caspase-3 was downregulated in the cortex of rats treated with DHA following TBI, which protected the cortical neurons from apoptosis. Caspase-3 activation in cell death signaling may occur via three routes: The mitochondrial route (related to Bcl-2 and Bax), the endoplasmic reticulum route or a death receptor route involving FAS and FAS ligand (30) . Bcl-2 gene families have been identified to be regulators of apoptosis. Of these genes, Bcl-2 is an anti-apoptotic protein that serves as a critical regulator of pathways involved in apoptosis. Contrastingly, Bax is a pro-apoptotic protein, which controls the integrity of the mitochondrial outer membrane (31) . Research has indicated that the Bcl-2 protein physically interacts with several of its homologous proteins, forming heterotypic dimers (32) . The Bcl-2/Bax dimerization is considered critical for interactions during apoptosis (33) . Bcl-2 is downregulated in the injured brain (34) and the overexpression of Bcl-2 reduces post-ischemic injury (35) . Chronic daily administration of DHA significantly increased Bcl-2 expression in brain tissues in the present study.
To determine the signal that modulated the activation of caspase-3 following TBI, the present study measured the protein expression levels of Bcl-2 and Bax in order to calculate the Bcl-2:Bax ratio. The results demonstrated the upregulation of Bcl-2 and the downregulation of Bax protein levels following treatment with DHA. Therefore, these results indicated that DHA may increase the Bcl-2:Bax ratio to inhibit the expression of caspase-3, ultimately protecting neurons from apoptosis.
In conclusion, the present study demonstrated that DHA supplementation was a viable strategy to mitigate injury caused by TBI. DHA treatment improved memory function, which may be due to its anti-inflammatory properties. Furthermore, DHA was useful in preventing neuronal damage following brain ischemia. The present data support the belief that fish oil supplementation in humans may exert similar prophylactic or preventive actions against neuronal damage in the future. # P<0.05 vs. all other groups; * P<0.05 vs. the TBI model group. Bcl-2, B-cell lymphoma 2; Bax, B-cell lymphoma 2-assocaited X protein; TBI, traumatic brain injury; DHA, docosahexaenoic acid; low, low-dose DHA (370 mg/kg/day); high, high-dose DHA (740 mg/kg/day).
